The Electric Field 


Conceptual Questions 

23.1. A tiny, positive test charge will be placed at the point in space and the force will be measured. From the force 

£ 

measurement and the charge the electric field will be calculated using E = —. The direction of the field will be the 

q 

same as the direction of the force since q is positive. 


(a) l I l l (+ + +) l • © 


l l l l 


(b) i i i i (+© i i © 


i • i 


23.3. £ 3 = £ 4 > E 2 >£j. The electric field strength is larger in the region where the field lines are closer together 
(£3 and £4) and smaller where the field lines are farther apart. 

23.4. (a) = (g//Z/) . But Q t = Q f , so = A = 3 

4 (ft©) 7 4 Lf 


(b) Foe A, so -^- = 3 

F, 

(c) 10 times the original amount of charge would give a constant linear charge density. So the amount of charge to 
add to the original is 9 times the original charge. 

f 1 2A ^ 

23.5. F = eE = e\ - — . If the charge density A is doubled, then the distance r from the wire must also be doubled 

U*£o r 

for the force to be the same. Thus r = 2 cm. 


23.6. The electric field at the center is zero. We can think of the straw as being made up of many rings of positive charge. 
At the center of the ring adding all field vectors gives a resultant electric field equal to zero, as shown in the figure below. 




O + 


\©_ yy 

y + ^y 


© Copyright 2017 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 


23-1 






23-2 Chapter 23 


23.7. (a) A 


1 3.163 2 


4 ;S 0 7 £= (e^) = A = 3 .163 2 = 10 


li ( 2 / 4 ) Af 


F f 


r r 

(b) = i. The total charge on the object does not change as it shrinks. An electron very far from the object 

F i 

experiences it as a point charge. By very far, we mean much farther away than the size of the object. 

Q 


23.8. Ni = — = — 

4 nr? 


nC , ar Q Q 
- T , and N 2 =-f-~ 


cm 


A 2 nr 2 7r(2r x ) 4 7rr x 4 


2 A 1 


cm 


O E f l 

23.9. (a) E = ————. If Q is halved, then E is also halved. Thus —1— = —. 

4 nE 0 r 2 E t 2 

(b) The field outside a sphere is the same as that of a point charge Q located at the center of the sphere. So if the 

E f 

radius of the sphere changes, the field remains the same outside the sphere at the distance r = 2 R. So —— = 1. 

E i 

(c) The field outside a uniformly charged sphere is the same as that of a point charge Q located at the center of the 
sphere. Since r is still greater than R after being halved, 

E, 


E f = ~ 


- = 4E: 


V _ 


= 4 


4nE r , 


23.10. 


Sketch 



Free-body diagram 



.4 






Discharging the ball will cause the restoring force F = (mg + qE)sin45° to decrease. Therefore the period of the 
pendulum will increase. Also, one can think of this as extending the equation for the period of a pendulum by changing 


L L 

the acceleration from simply g to g + qE/m. Thus T = 2n - >2n - 

Vg V (g + qE/m) 


, and as q —» 0, T increases. 


23.11. £j = E~, = £3 = E 4 = E 5 . The electric field is constant everywhere between the plates. This is indicated by the 
electric field vectors, which are all the same length and in the same direction. 

E f Nt/En N f Qf/Af E f Q f 

23.12. (a) —F = — ; - = — — = — - —. If Q is doubled (A = constant), -^- = — = 2. 


NJE n N, 


QMi 


Qi 


(b) If L is doubled then At = 4A t (Q = constant), so 


4 = A = Jl = 1 

Ef A f 4 Af 4 ' 


(c) E does not depend on d. = 1 . 
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23.13. (a) Accelerates to the right. 

(b) Remains in place. 

(c) Accelerates to the left. 


F 

23.14. (a) The forces on the two charges are equal, so —— = 1 , F = qE, and they each have the same amount of 

F e 

charge and are placed in the same field. 

F & n in 

(b) The acceleration of the electron is larger because the electron has smaller mass. Since a - —, — = —— < 1. 

m a„ m,, 


23.15. (a) No, the triangle is not in equilibrium. The electric field is uniform between the plates, so the force on the 
two positive charges to the left is the same as the total force on the two negative charges to the right. The triangle will 
rotate counterclockwise as shown. 


1 + 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 




(b) The triangle will remain in place, since the total force on it is zero. 


Exercises and Problems 
Exercises 

Section 23.1 Electric Field Models 

Section 23.2 The Electric Field of Point Charges 

23.1. Model: The electric field is that of the two charges placed on the v-axis. 

Visualize: We denote the upper charge by and the lower charge by q 2 . Because both the charges are positive, 
their electric fields at P are directed away from the charges. 

Solve: The electric field from q { is 


Ei = 


———, 6 below -x-axis 


v 4^ 0 q 2 


(9.0xl0 9 Nm 2 /C 2 )(3.0xl0“ 9 C) 


(0.050 m ) 2 +(0.050 m ) 2 


(cos 6i - sin 6j) 


Because tan# = 5 cm/5 cm = 1, the angle # = 45°. Hence, 


E x = (5400 N/C)| -j=i — -j=j 
V2 V2 


i 


i 


Similarly, the electric field from q 2 is 

/ 1 \Ri\ 


e 2 = 


47T£ 0 r 2 


, 6 above -x-axis 


= (5400 N/C) 


-net at p= £ 'i + £, 2 =2(5400N/C)| -j= |/ = 7.6xl0 3 / N/C 

. v 2 y 
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Thus, the strength of the electric field is 7.6xl0 3 N/C and its direction is along the +x-axis. 

Assess: Because the charges are located symmetrically on either side of the x-axis and are of equal value, the 
y-components of their fields will cancel when added. 


23.2. Model: The electric field is that due to superposition of the fields of the two charges located on they-axis. 
Visualize: We denote the top charge by and the bottom charge by q 2 . The electric fields (£) and E 2 ) of both the 
positive charges are directed away from their respective charges. With vector addition, they yield the net electric field 
^net at the point P indicated by the dot. 

Solve: The electric fields from q { and q 2 are 

r i 1+ ' 


4 7l£, 


0 h 


along +x-axis 


(9.0x 1 0 9 Nm 2 /C 2 )(3.0xl0^C) / = 10)800/N/c 


e 2 = 


i \q 2 

v 4^0 ri 


(0.05 m) z 


-, # above +x-axis 


Because tan# = 10 cm/5 cm, # = tan '(2) = 63.43°. So, 


e 2 = 


(9.0 x 10 9 N nr /C 2 )(6.0 x 10 -9 C) 
(0.10m) 2 +(0.050 m) 2 


(cos63.43° i + sin63.43° j) = (1932/ + 3864 j) N/C 


The net electric field is thus 


?„et at p = + E 2 = (12,732/ +3864 j) N/C 


To find the angle this net vector makes with the x-axis, we calculate 

3864N/C 


tan^ = 


12,732 N/C 


0 = 17 ° 


Thus, the strength of the electric field at P is 


= 7 ( 12,732 N/C) 2 + (3864 N/C) 2 =13,305 N/C = 13,000 N/C 


and E net makes an angle of 17° above the +x-axis. 

Assess: Because the point P has no special symmetry relative to the charges, we expected the net field to be at an 
angle relative to the jc-axis. 


23.3. Model: The electric field at the point is found by superposition of the fields due to the two charges located on 
the y-axis. 

Visualize: The electric field due to the positive charge q l at the point is away from q v On the other hand, the 
electric field due to the negative charge q 2 at the point is toward q 2 . These two electric fields are then added 
vertically to obtain the net electric field at the point. 

Solve: The electric field from q x is 


Ake, 


-,# below -x-axis 


o n 


Because tan# = 5 cm/5 cm, 0 = 45°. So, 


(9.0xl0 9 Nm 2 /C 2 )(3.0xl0~ 9 C)" 
(0.050 m) 2 +(0.050 m) 2 y 


(-cos0/ - sin9/) 


Ex 


= (5400 N/C) 
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Similarly, the electric field from q 2 is 


E, = - 6 below +;c-axis = (5400 N/C) +-=/ — j=j 

r 2 J l V2 V2 J 

=> £ net =E x + E 2 = 2(5400 N/C) j j = -7637 j N/C = -7.6xl0 3 j N/C 

Thus, the strength of the electric field is 7.6xl0 3 N/C and its direction is vertically downward. 

Assess: A quick visualization of the components of the two electric fields shows that the horizontal components cancel. 

23.4. Model: The electric field is that due to superposition of the fields of the two charges located on the v-axis. 
Visualize: We denote the top charge by q j and the bottom charge by q 2 . The electric field of the positive charge is 
directed away from q j and the electric field of the negative charge is directed toward q 2 . With vector addition, they yield 
the net electric field E aet at the point P indicated by the dot. 

Solve: The electric fields from q x and q 2 are 


—% along H-x-axis 

4^eo 


= ( 9 - 0x 10 9 N m 2 /C 2 )(3.0x 1 Q~ 9 C) ~ = - N/c 

(0.050 m) 2 

-—6 below + x-axisl 


4^o r 2 


Because tan# = 10 cm/5 cm, 6= tan *(2) = 63.43°. So, 


(9-OxlO 9 N m 2 /C 2 )(6.0xl0~ 9 C) 
(0.10 m) 2 +(0.050 m) 2 


(-cos63.43° i - sin63.43°y) = (-1932/ -3864 y)N/C 


The net electric field is thus 


E net at P = E x + E 2 = (8868/ - 3864 j) N/C 
To find the angle this net vector makes with the jc-axis, we calculate 

, -3864 N/C , _ 


8868N/C 


0 = -24° 


Thus, the strength of the electric field at P is 


E net = ^/(8868 N/C) 2 + (3864 N/C) 2 = 9763 N/C = 9800 N/C 
and C net makes an angle of 24° below the +x-axis. 

Assess: Because the point P has no special symmetry relative to the charges, we expected the net field to be at an 
angle relative to the x-axis. 


23.5. Model: The distances to the observation points are large compared to the size of the dipole, so model the field 
as that of a dipole moment. 

Visualize: 



© Copyright 2017 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 



23-6 Chapter 23 


The dipole consists of charges ±q along the v-axis. The electric field in (a) points up. The field in (b) points down. 
Solve: (a) The electric field at (0 cm, 10 cm), which is at r = 0.10 m along the axis of the dipole, is 


E = 360 j N/C = —-— 

4xs 0 r 3 


r 3 E 

2(\I4k£ 0 ) 


(0.10 m) 3 (360 j N/C) 
2(9.0xl0 9 N m 2 /C 2 ) 


= (2.0xl0 -11 j C m) 


By definition, the dipole moment is )3 = 2.0xl0 11 ;'Cm = (^, from-to +) = ^r(0,010m) y. Thus 


2.0xl0~ 11 C m 
0.010 m 


= 2.0x10 -9 


C = 2.0 nC 


(b) Point (10 cm, 0 cm) is in the plane perpendicular to the dipole. The electric field E = -x(l IAn£ () )plr 3 is half the 
strength of the field at an equal distance r on the axis of the dipole. Hence the field strength at this point is 180 N/C. 


23.6. Model: The distances to the observation points are large compared to the size of the dipole, so model the field 
as that of a dipole moment. 

Visualize: 





e— 

-q +q 


E 


X 


< 3 —(±> 

-q +q 


(a) 


(b) 


The dipole consists of charges ±q along the jc-axis. The electric field in (a) points right. The field in (b) points left. 
Solve: (a) The dipole moment is 

p = (qs, from-to +) = (1.0x10 -9 C)(0.0020 m)/ = 2.0xl0 -12 / Cm 
The electric field at (10 cm, 0 cm), which is at distance r = 0.10 m along the axis of the dipole, is 

1 ~(9.OxlO 9 Nm 2 /C 2 ) 2 (2,0X10 —4——^ = 36/ N/C 


4 7T£ 0 r 


(0.10 m) 


The field strength, which is all we’re asked for, is 36 N/C. 

(b) The electric field at (0 cm, 10 cm), which is at r = 0.10 m in the plane perpendicular to the electric dipole, is 
E = -— 4 = -(9.0x 10 9 N m 2 /C 2 ) 2 , ° Xl ° —4-^ = -18.0/ N/C 


£ o r 


(0.10 m) J 


The field strength at this point is 18 N/C. 


23.7. Model: The electret has a dipole field. 

Visualize: The ball feels a force F = qE from the dipole field. We are given ;■ = 0.25 m, /» = 1.0xl0~ 7 C-m, and 
q = 25 nC. 
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Solve: The force on the ball is its charge multiplied by the electric field (due to the dipole) at the ball. 

2 p 


E = <i E dipole = (?)| K^~ I = (25 nC) 
r 


-^dipole K- 3 

r 

9.Q Xl 0»N 

(0.25 m) 3 


:2.9xl0“ 3 N 


Assess: This small force seems reasonable in this situation. 


Section 23.3 The Electric Field of a Continuous Charge Distribution 


23.8. Model: We will assume that the wire is thin and that the charge lies on the wire along a line. 

Solve: From Equation 23.17, the electric field strength of an infinitely long line of charge having linear charge 
density A is 


^line - 


1 2\A\ 
4 7T£ 0 r 


=^£line( r = 5 - 0cm ) = 


_l_ 2 j A _ 

4/rf 0 5.0xlO -2 m 


£ Hn e(r = 10.0 cm) = 


1 2\A\ 

4 7T£ 0 lO.OxlO -2 m 


Dividing the above two equations gives 


E line0' = 5 - 0 cm ) = 


f lO.OxlO -2 m 
5.0xl0“ 2 m 


^^(r = 10.0 cm) = 2(2000 N/C) = 4.00xl0 3 N/C = 4000 N/C 


J 


23.9. Model: The rods are thin. Assume that the charge lies along a line. 
Visualize: 


Glass I + + + + + + + + + + + + + + 

* P| 

E 2 • P 2 
£ 3 • P 3 

Plastic |- 

The electric field of the positively charged glass rod points away from the glass rod, whereas the electric field of the 
negatively charged plastic rod points toward the plastic rod. The electric field strength is the magnitude of the electric 
field and is always positive. 

Solve: Example 23.3 shows that the electric field strength in the plane that bisects a charged rod is 

£ „ - 1 M 

The electric field from the glass rod at r = 1 cm from the glass rod is 

10x10 -9 C 

E glass = (9 -0 X10 9 N m 2 /C 2 )-, = 1.7 6 5 x 10 5 N/C 

(0.01 m)yj(0m m ) 2 +(0.05 m ) 2 

The electric fields from the glass rod at r = 2 cm and r = 3 cm are 0.835xl0 5 N/C and 0.514xl0 5 N/C. The electric 
field from the plastic rod at distances 1 cm, 2 cm, and 3 cm from the plastic rod are the same as for the glass rod. 
Point Pj is 1.0 cm from the glass rod and is 3.0 cm from the plastic rod, point P 2 is 2 cm from both rods, and point 


^glass 


| Aplastic ^glass j j Aplastic ^glass j Aplastic 

At point Pj At point P 2 At point P 3 
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P 3 is 3 cm from the glass rod and 1 cm from the plastic rod. Because the direction of the electric fields at Pj is the 
same, the net electric field strength 1 cm from the glass rod is the sum of the fields from the glass rod at 1 cm and the 
plastic rod at 3 cm. Thus 

At 1.0cm E = 1.765x10 s N/C + 0.514xl0 5 N/C = 2.3xlO s N/C 

At 2.0cm E = 0.835xl0 5 N/C + 0.835xl0 5 N/C = 1.67xl0 5 N/C 

At 3.0cm E = 0.514xl0 s N/C + l.765x10 s N/C = 2.3xlO s N/C 

Assess: The electric field strength in the space between the two rods goes through a minimum. This point is exactly 
in the middle of the line connecting the two rods. Also, note that the arrows shown in the figure are not to scale. 

23.10. Model: The rods are thin. Assume that the charge lies along a line. 

Visualize: 


+ 


+ 

+ 


+ 

+ 


+ 

+ 


+ 

+ 


+ 

+ 

+ 

^right ^left ^right ^left 

+ 

+ 

+ 

9 * _> * 

+ 

+ 

^right ^left 

+ 

+ 

Pi P2 P 3 

+ 

+ 


+ 

+ 


+ 

+ 


+ 

+ 


+ 


Because both the rods are positively charged, the electric field from each rod points away from the rod. Because the 
electric fields from the two rods are in opposite directions at Pj, P 2 , and P 3 , the net field strength at each point is 
the difference of the field strengths from the two rods. 

Solve: Example 23.3 gives the electric field strength in the plane that bisects a charged rod: 

£ _M_ 

The electric field from the rod on the right at a distance of 1 cm from the rod is 

fright = (9-0xi0 9 N m 2 /C 2 )- 10X10 C =1.765xlO s N/C 

(0.01 m)yj(0m m) 2 + (0.05 m) 2 

The electric field from the rod on the right at distances 2 cm and 3 cm from the rod are 0.835x10 s N/C and 
0.514x10 s N/C. The electric fields produced by the rod on the left at the same distances are the same. Point Pj is 
1.0 cm from the rod on the left and is 3.0 cm from the rod on the right. Because the electric fields at Pj have opposite 
directions, the net electric field strengths are 

At 1.0cm E = 1.765xlO s N/C-0.514xl0 s N/C = 1.3xl0 s N/C 
At 2.0cm E = 0.835x10 s N/C-0.835xl0 s N/C = 0N/C 
At 3.0cm E = 1.765xlO s N/C-0.514xl0 s N/C = 1.3xl0 s N/C 


23.11. Model: Assume the glass bead is a point charge; also assume the bead is in the midplane of the rod so we 

„ „ \Q\ 

can use is rod = K - ! — 1 - 


ryfr 2 + (L/ 2) 2 


© Copyright 2017 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 




The Electric Field 


23-9 


Visualize: We seek Q. We are given L = 0.10 m. 

Solve: Use F = qE. 

\Q\ 

^on bead — t/bead^rod — ^bead^ / - » 

ryjr~ + (L/ 2 ) 2 

=> \Q\ = F ° n bead rJr 2 + (L/2) 2 =- n 840 -——(0.040 m) J(0.040 m) 2 + (0.050 m) 2 = 40 nC 

1 1 q belld K (6.0xl0 -9 C)(9.0xl0 9 N m 2 /C 2 ) 

The bead is repelled by the rod, which means their charges are the same sign. So the rod has a charge of +40 nC. 
Assess: The answer is in the ballpark of the charges we have seen so far. 


23.12. Model: Assume that the wire is thin and that the charge lies on the wire along a line. 
Solve: From Equation 23.17, the electric field for an infinite uniformly charged line is 


^line - 


1 2| A 

4 7T£ 0 r 


where r is the distance from the line in the plane that bisects the line. Solving for the linear charge density, 


rE hne _ (0.050 m)(2000 N/C) 


2(l/4^ 0 ) 


2(9.0xl0 9 Nm 2 /C 2 ) 


A.56xl0“ 9 C/m 


The charge in 1.0 cm is 

\Q\ = L\X\ = (l.OxKT 2 m)(5.56xl0“ 9 C/m) = 5.56xl0 -11 C = 0.056 nC 
Because the electric field is directed toward the line, Q is negative. Thus Q = -0.056 nC. 


23.13. Model: For a nonuniform charge density we will need to integrate: Q = | dQ. 

Visualize: We are given A(x) = (2.0 nC/cm)e N /(6, ° cm| . p u t the origin of the coordinate system at the center of the 
rod. 

Solve: Because of the absolute value we will integrate from 0 cm to 6.0 cm and double the result; in that region 
|x| = x. 

Q=\dQ=2 f 6 0 Cm A(x)dx = 2f 6 0 Cm (2.0 nC/cm )^ 6 0 dx = 2(2.0 nC/cm) [ 6 ° V< 6 0 cm) dx 

J JO cm JO cm JO cm 

= (4.0 nC/cm)(-6.0 cm)e‘ l/(6 '° cm )l 6 0cm = (_24.0 nC)|Y x/(6 '° cm )] 6 '° Cm = (_24.0 nC)r<?“ 1 -<?°l = 15 nC 

L -lo cm L Jo cm L J 

Assess: We expected the answer to be positive because the charge density is everywhere positive. The units work out. 

Section 23.4 The Electric Fields of Rings, Disks, Planes, and Spheres 

23.14. Model: Assume that the rings are thin and that the charge lies along circle of radius R. 

Visualize: 


2z = 20 cm 



Q, = -20 nC 


Q 2 = + 20 nC 


The rings are centered on the z-axis. 
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Solve: (a) According to Example 23.4, the field of the left (negative) ring at z = 10 cm is 
zQi _ (9.0xl0 9 N m 2 /C 2 )(0.10 m)(-20xl0 -9 C) 


(£i ) 2 


4 7T£ 0 (z z +R-) 


2 , tj2\3/2 
,4 


[(0.10 m) 2 +(0.050 m) 2 ] 3/2 


1.288x10 N/C 


That is, the field is E 1 = (1.288x10 N/C, left). Ring 2 has the same quantity of charge and is at the same distance, 
so it will produce a field of the same strength. Because Q 2 is positive, E 2 will also point to the left. The net field at 
the midpoint is 


(b) The force is 


E = E l + E 2 = (2.6x10 4 N/C, left) 


F = qE = (-1.0x1 0 -9 C)(2.6xl0 4 N/C, left) = (2.6x10“ 5 N, right) 


23.15. Model: Assume that the rings are thin and that the charge lies along circle of radius R. 
Visualize: 


2z = 20 cm 



Solve: (a) Let the rings be centered on the z-axis. According to Example 23.4, the field of the left ring at z = 10 cm is 

zQ x (9.0 x 10 9 N m 2 /C 2 )(0.10 m)(20 x 10 -9 C) 


(£i) z 


3 2n3/2 


[(0.10 m) 2 +(0.050 m) 2 ] 3/2 


= 1.29x10 N/C 


4^ 0 (z A +Ry 

That is, £) = (1,29xl0 4 N/C, right). Ring 2 has the same quantity of charge and is at the same distance, so it will 
produce a field of the same strength. Because Q 2 is positive, E 2 will point to the left. The net field at the midpoint 
between the two rings is E = E l + E 2 = 0 N/C. 

(b) The field of the left ring at z = 0 cm is ( E [)_ = 0 N/C. The field of the right ring at z = 20 cm to its left is 

(9.0xl0 9 N m 2 /C 2 )(0.20 m)(20xl0“ 9 C) 


(£ 2 )z=- 


[(0.20 m) 2 + (0.050) 2 ] 3/2 


- = 4.1x10 N/C 


> E = E l +E 2 =0 N/C + (4.1xl0 3 N/C, left) 


So the electric field strength is 4.lx 10 3 N/C. 
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23.16. Model: Each disk is a uniformly charged disk. When the disk is charged negatively, the on-axis electric 
field of the disk points toward the disk. The electric field points away from the disk for a positively charged disk. 
Visualize: 


2z = 20 cm 



Solve: (a) The surface charge density on the disk is 

u_|e|_ |6| _ 50xl0~ 9 C _ 

11 A ttR 2 k{ 0.050 m) 2 

From Equation 23.25, the electric field of the left disk at z = 0.10 m is 


(£l)z=- 


= 6.366xl0 -6 C/m 2 


1 

r. 1 i 

-6.366xl0 -6 C/m 2 

, 1 

2e 0 

X l\ + R 2 /z 2 _ 

~ 2(8.85xl0 -12 C 2 /N m 2 ) 

^1 + (0.050 m/0.10 m) 2 


=-38,000 N/C 


In other words, E l = (38,000 N/C, left). Similarly, the electric field of the right disk at z = 0.10 m (to its left) is 
E 2 = (38,000 N/C, left). The net field at the midpoint between the two rings is E = E x + E 2 = (7.6xlO 4 N/C, left). 

(b) The force on the charge is 

F = qE = (- l.OxlO -9 C)(7.6xl0 4 N/C, left) = (7.6x10“ 5 N, right) 

Assess: Note that the force on the negative charge is to the right because the electric field is to the left. 


23.17. Model: A spherical shell of charge Q and radius R has an electric field outside the sphere that is exactly the 
same as that of a point charge Q located at the center of the sphere. 

Visualize: In the case of a metal ball, the charge resides on its surface. This can then be visualized as a charged 
spherical shell of radius R. 

Solve: Equation 23.30 gives the electric field of a charged spherical shell at a distance r > R: 


^ball - 


4 ne<f 


In the present case, is ball = 50,000 N/C at r - -1(10 cm) + 2.0 cm = 7.0 cm = 0.070 m. So, 


Q-A7t£ 0 r 2 E hM - 


(0.070 m) 2 50,000 N/C 
9.0xl0 9 N m 2 /C 2 


= 2.7xlO -8 C = 27 nC 


23.18. Model: The distance 2.0 mm is very small in comparison to the size of the electrode, so we can model the 
electrode as a plane of charge. 

Solve: From Equation 23.28, the electric field of a plane of charge is 


^plane ' 


Q 


80x10“ 9 C 


_n_ 

2f 0 2e 0 A 2(8.85x10 -12 C 2 /N m 2 )(0.20x0.20 m) 


- = l.lxl0 5 N/C 
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23.19. Model: An insulating sphere of charge Q and radius R has an electric field outside the sphere that is exactly 
the same as that of a point charge Q located at the center of the sphere. 

Visualize: 


2 cm 2 cm 

h-*K-6.0 cm-4<——>1 

(^ 4^3 — 

e 2 

Q^lOnC Q 2 = —15 nC 


Solve: The electric field of a charged sphere at a distance r > R is given by Equation 23.30: 

s _ Q , 


^sphere ' 


4 7T£ 0 r 


In the present case, E = E l + E 2 , where E l and E 2 are the fields of the individual spheres. The distance from the 
center of each sphere to the midpoint between is )\ = r 2 = 4 cm. Thus, 

_ (9.0xl0 9 N m 2 /C 2 )(10xl0 -9 C) 


(0.040 m)- 

(9.0xl0 9 N m 2 /C 2 )(15xlO -9 C) 


= 5.625xl0 4 N/C 


= 8.438xl0 4 N/C 


(0.040 m) z 

The fields point in the same direction, so 

E = (5.62 5 x 10 4 N/C + 8.43 8 x 10 4 N/C, right) = (1.41 x 10 5 N/C, right). 


The electric field will point left when Q x and Q 2 are interchanged. The electric field strength in both cases is 
1.41xl0 5 N/C. 


23.20. Model: Assume that the plastic sheets are planes of charge. 

Solve: At point 1 the electric fields due to the left sheet and the right sheet are 


-left ■ 


n 0 


toward right \ = -^-i 

V 2f 0 J 2e 0 


n 0 ? 


^right ' 


v —0 

—^ ^net = 4ft + 4ght = — ' ? 

£ 0 


^2_, toward left 
2e ( 


3% ? 
2e n 


At point 2, £ left = ~(ij 0 /2e 0 )i, £ right = -Q%/2c 0 )i, and £ net = -(2 Jj 0 /£ 0 )i. At point 3, E net = +(ij 0 /e 0 )i. 


23.21. Model: Assume the carpet is an infinite plane of charge and the dust particle is a point particle. Neglect 
buoyancy of the air. 

Visualize: Use q for the dust particle and Q for the carpet. We are given Q = -10 /jC. If the particle is suspended at 
rest then the net force on it is zero. The mass of the dust particle is m = 2.5 fig. The gravitational force is downward 
so the force from the electric field must be upward (positive); since the carpet is negatively charged the dust particle 
must also be negatively charged. 

Solve: For the infinite plane (carpet), E = r//2£ 0 . 


B ? n Q IA n 

F net = ^carpet “ m g = - m g = <1- - mg = 0 => 

2 e 0 2 f 0 

2£ o a in -9, w„o , 2,2(8.85xl0“ 12 C 2 /N-m 2 )(2.0mx4.0m) 

q = mg— 2—= (2.5X10 kg)(9.8 m/s-)-i- , A ^ -- 

Q -10 fiC 

Assess: We expected the answer to be negative. 


-0.35 pC 
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Section 23.5 The Parallel-Plate Capacitor 


23.22. Model: The electric field in a region of space between two charged circular disks is uniform. 
Solve: The electric field strength inside the capacitor is E = Q/e 0 A. Thus, the area is 


A 


Q_ 

e 0 E 


(3.0x10 9 )(1.6x10“ 19 C) 
(8.85xl0 -12 C 2 /N m 2 )(2.0xl0 5 N/C) 


-D-- 


— =1.9 cm 
J K 


2.71xl0 -4 m 2 



Assess: As long as the spacing is much less than the plate dimensions, the electric field is independent of the spacing 
and depends only on the diameter of the plates. 


23.23. Model: The electric field is uniform in a region of space between closely spaced capacitor plates. 

Solve: The electric field inside a capacitor is E = Q!e 0 A. Thus, the charge needed to produce a field of strength E is 

Q = e 0 AE = (8.85X10 -12 C 2 /N m 2 );r(0.030 m) 2 (1.0xl0 6 N/C) = 25 nC 

Thus, one plate has a charge of 25 nC and the other has a charge of—25 nC. 

Assess: Note that the capacitor as a whole has no net charge. 


23.24. Model: The electric field in a region of space between the plates of a parallel-plate capacitor is uniform. 
Solve: The electric field inside a capacitor is E = Q/e 0 A. Thus, the charge needed to produce a field of strength E is 

Q = e 0 AE = (8.85X10 -12 C 2 /N m 2 )(0.040 mx0.040 m)(3.0xl0 6 N/C) = 42 nC 


The number of electrons transferred from one plate to the other is 


42x10“ 9 C 

1.60x10“ 19 C 


= 2.7x10 


li 


23.25. Model: The parallel plates fonn a parallel-plate capacitor. The electric field inside a parallel-plate capacitor 
is a uniform field, so the electron and proton will have constant acceleration. 

Visualize: 



particles pass 


The negative plate is at x = 0 m and the positive plate is at x = d = 1 cm. 

Solve: Both particles accelerate from rest (v 0 =Om/s), so at time t their positions are 


1 2 1 2 

*e=*e0 + -a e t =-a e t 


x p = x p0 +~ a p t 2 = d + ~ a p t 2 
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At some instant of time tj the electron and proton have the same position: x e = x p = x x . This is the point where they 
pass each other. At this instant, 


X, = —ajf x, = d H— aj , 


These are two equations in the two unknowns x, and t x . From the first equation, =x 1 /a e . Using this in the 
second equation gives 


X[ = d + — Xj => X[ =- 

a e l + a p /a e 

To finish, we need to find the accelerations of the electron and proton. Both particles are in a parallel-plate capacitor 
with £ cap = Q/e 0 A. The field points to the left, so E x = -Q/£ 0 A. The proton’s acceleration is 

_ F P _ <lp E x _ e(-Q/e 0 A) _ eQ/e 0 A 

-p m p m p m p 

The proton’s acceleration is negative, as expected. For the electron, 

„ _ F z _ <iz E x _ ~e( ~Q!£qA) _ eQ!e 0 A 


a P=~ 


Consequently, the acceleration ratio is a p /a e = mjm p . Using this, the point where the two charges pass is 


x r 


1 cm 


1 + mjm p 1 + 9.11 x 10“ j 1 kg/1.67x10 “ 7 kg 


= 0.9995 cm 


Assess: This is very close to where the proton starts. Since there is a factor of -1800 difference in the masses of the 
proton and electron, the electron accelerates much faster than the proton. 

Section 23.6 Motion of a Charged Particle in an Electric Field 

23.26. Model: The disks form a parallel-plate capacitor. The electric field inside a parallel-plate capacitor is a 
unifonn field, so the proton will have a constant acceleration. 

Visualize: 


y x = 1 mm 


■h) 


= 0 mm 




1 


R = 1 cm 


Solve: (a) The two disks fonn a parallel-plate capacitor with surface charge density 


Q Q 


lOxlO -9 C 


= 3.18xl0“ 5 C/m 2 


A ttR 1 ^-(0.010 m) 2 
From Equation 23.31 and the equation for tj above, the field strength inside a capacitor is 


e = ^L = 


3.18x10“ 5 C/m 2 


e 0 8.85xl0 -12 C 2 /N m 2 


= 3.6x10° N/C 
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(b) The electric field points toward the negative plate, so in the coordinate system of the figure E = -3.6x10 y N/C. 
The field exerts forces F = <7 ton E ~ eE on proton, causing an acceleration with a y-component that is 


_F _ eE y _ ( 1 . 6 x 10 


m 


m 


~ 19 C)(-3.6xl0 6 N/C) 
1.67X10 -27 kg 


= -3.45X10 14 m/s 


After the proton is launched, this acceleration will cause it to lose speed. To just barely reach the positive plate, it 
should reach Vj = 0 m/s at V[ = 1 mm. The kinematic equation of motion is 


Vj 2 = 0 m 2 /s 2 = Vq + 2a y Av 

=> v 0 = ^-2a v Ay = -J-2(-3.45xl0 14 m/s 2 )(0.0010 m) = 8.3xl0 5 m/s 

Assess: The acceleration of the proton in the electric field is enormous in comparison to the gravitation acceleration 
g. That is why we did not explicitly consider g in our calculations. 


23.27. Model: Model the bee as a point particle. Neglect buoyancy of the air. 
Visualize: We are given E = (100 N/C, down), q = 23 pC and m = 100 fj g. 
Solve: (a) 

F e qE (23 pC)(100 N/C) Q[ 

F g mg (lOOxlO -9 kg)(9.8 m/s 2 ) 


(b) Since the bee 
also be upward. 


Assess: It would 
wings. 


is positively charged we need the electric field to be upward so the force of the electric field will 


„ „ „ mg (lOOxlO -9 kg)(9.8 m/s 2 ) 

^net = ? £ -«g = °=> £ = —=-——-- = 43 kN/C, up 

q 23 pC 

take an extraordinary field to allow the bee to hang suspended; so the bee uses the air and beats its 


23.28. Model: A uniform electric field causes a charge to undergo constant acceleration. 
Solve: Kinematics yields the acceleration of the electron. 


Vj =Vq 2 +2«Ax: 


■ a = 


_n_ 


10 _- 


(4.0x10' m/s ) 2 


2Ax 2(0.012 m) 

The magnitude of the electric field required to obtain this acceleration is 


-(2.0xl0W =5X)xl0l6m/s2 


F r 


net _ m e a _ (9.1 Ixl0 ~ 31 kg)(5.0xl0 16 m/s 2 ) 
<? e 1.6x10“ 19 C 


:2.8xl0 :> N/C. 


23.29. Model: The infinite negatively charged plane produces a uniform electric field that is directed toward the 
plane. 

Visualize: 


v 


Ai 

3>—— 


—< - - 


) Vj = 0 m/s 


Known 

T] = -2.0 X 10~ 6 C/m 2 
v 0 = 2.0 X 10 6 m/s 
Vj = 0 m/s 

nip = 1.67 X 10“ 27 kg 
Find 

Yx 


Ax-H 


© Copyright 2017 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 




23-16 Chapter 23 


Solve: From the kinematic equation of motion vf = 0 = v ( 2 + 2aAx and F = qE = ma, 


a = i £ = -v (L 
2Ax 


■ Ax = ^ 


m i/sx 2 qE 

Furthermore, the electric field of a plane of charge with surface charge density rj is E = rj/2£ 0 . Thus, 

a.._ ~ mv o £ o _ -(1-67X10 -27 kg)(2.0xl0 6 m/s) 2 (8.85xl0“ 12 C 2 /Nm 2 ) _ nl 
ax — — . n / "i — u.io m 


qn 


(1.60xl0“ 19 C)(-2.0xl0 “ 6 C/m 2 ) 


23.30. Model: Model the plate as infinite so the electric field is uniform (constant). 
Visualize: The plate must be negatively charged since it repels the electron. 


Known 


Vf = 0 

Vi 

Xj = 0.75 m 
x f = 0.15 m 

Vj = 8300 km/s 

• 

*f 

*i 

v f = 0 

1- - Ax- 


Find 


The force on the particle is constant, so the acceleration is constant so we can use the kinematic equations. 
Solve: Use the kinematic equations to find the acceleration. With the final speed as zero we have 

..2 


2 2 —V; 

Vf = V: + 2aAx => a = —— 
2 Ax 


Now apply Newton’s second law. 

^net =qE = q 


2 £(\ 


■ = ma : 


2 £ 0 m 


2Ax 


-vfgpW _ -Vi 2 g 0 w e 


2 £ 0 ma 

q q qAx (-e)Ax 

-(8300 km/s) 2 (8.85xl0~ 12 C 2 /N-m 2 )(9.11xl0 ~ 31 kg) 
(-1.6X10 -19 C)(-0.60 m) 


= -5.8 nC/m 2 


Assess: This seems to be in the ballpark of other surface charge densities we’ve seen. 

23.31. Model: Assume the oil drop is a point charge. Model the plane as infinite. The negative drop will be 
attracted to the positive plane. Ignore gravity. 

Solve: We will combine a number of equations together. Solve the equation for the field due to an infinite plane of 
charge for the surface charge density: 1 ) = 2 £ 0 E. The only force is the electric force, so it is the net force: 

2 

F = qE = ma => E = . Also solve v 2 - v 2 = 2aAx for a where v ; = 0: a = — . We also need the mass of the 

(/drop 2 Ax 

drop: m = pV = p^zrR 3 . Combine all these together. 


2 2 n 4 vP i 2 

71-2£ 0 h -2f 0 --2f 0 - —--So -T - - £ ° -T - 

^drop ^drop ?drop AX ?drop AX 


n , 7 (900kg/m 3 )42T(0.50//mX (3 5ni/s ) 2 ? 

= (8.85X10" 12 C 2 /Nm 2 )-- 3 „_, 0 _ =6.4 //C/m 2 


a3 


25(1.60x10“ 19 C) 


0.0020 m 
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Assess: The answer is in the ballpark of the surface charge density in Example 23.6. Careful analysis will confirm 
that the units work out correctly. 

Section 23.7 Motion of a Dipole in an Electric Field 

23.32. Model: The external electric field exerts a torque on the dipole moment of the water molecule. 

Solve: From Equation 23.36, the torque exerted on a dipole moment by an electric field is T = pEs'md. The 
maximum torque is exerted when sin# = l or 6= 90°. Thus, 

z-max = pE = (6.2xlO -30 C m)(5.0xl0 8 N/C) = 3.1x10“ 21 N m 


23.33. Model: Because r » s, we can use ^dipole = P /r 3 for the electric field in the plane bisecting the dipole. 

Visualize: 



Solve: (a) From Newton’s third law, the force of Q on the dipole is equal and opposite to the force of the dipole on Q. 
You can see from the diagram that F dipole on 0 is down and Fq on di le * s U P> i n the direction of p. The magnitude 
of the dipole field at the position of Q is 

F _ 1 P _ 1 V s 
dlpole 4ks 0 r 3 47T£ 0 ;- 3 

The magnitude of F di pole on Q is 

F =OF 1 <lQ s 

^dipole on Q -^^-'dipole 3 


Fq on d ; po [ e has the same magnitude. 

(b) The electric field of charge Q exerts a torque on the dipole. The field E is perpendicular to the dipole p, so 6- 90°. 
The torque is given by f = pxE. 


r = pEsin8 = (qs ) 


A 


4 K£, 


o r 


sin90° 


Assess: Note the similar form, but the torque has different dimensions 
denominator. 


1 qQs 

4k£q r 2 

(N • m), hence the different power of r in the 


23.34. Model: The size of a molecule is = 0.1 nm. The proton is 2.0 nm away, so r » s and we can use Equation 
23.11 for the electric field in the plane that bisects the dipole. 

Visualize: 




© 


_ 

dipole ' ’ 


^dipole I ▼ ^on proton 


© Copyright 2017 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 



23-18 Chapter 23 


Solve: You can see from the diagram that F dipole on proton is opposite to the direction of p. The magnitude of the 
dipole field at the position of the proton is 


^dipole ' 


4 ne. 


—30 

Ar = (9.0xl0 9 N m 2 /C 2 ) 5,0x10 - c m = 5.624x10 s N/C 


o r 


(2.0xlO -9 m) 3 


The magnitude of A dipole on proton is 

dipole on proton = ^dipole = d ^xlO" 19 C)(5.624xl0 5 N/C) = 9.0xl(T 13 N 
Including the direction, the force is F dipole on proton = (9.0xl(T 13 N, direction opposite p). 


Problems 


23.35. Model: The electric field is that of three point charges q 2 , and q 2 . Assume the charges are in the x-y 
plane. 

Visualize: The 5.0 nC charge is q^, the -5.0 nC charge is q 2 , and the 10 nC charge is q 2 . The net electric field at 
the dot is E net = E l + E 2 + E 2 . The procedure will be to find the magnitudes of the electric fields, to write them in 
component form, and to add the components. 

Solve: (a) The electric field produced by q x is 

E, =-LJfd = (MX.O’ N+ZC+frOxH+C) ,, 12500N/C 
4;rf 0 0 (0.020 m ) 2 

E l points away from q u so in component form E l = 112,500/ N/C. 

The electric field produced by q 2 is E 2 = 56,250 N/C. E 2 points away from q 2 , so E 2 = -56,250y N/C. 

Finally, the electric field produced by q 2 is 

F - 1 H_ (9.0xl0 9 Nm 2 /C 2 )(5.0xlQ- 9 C) 

3 4 7T£ 0 r 3 2 (0.020 m ) 2 +(0.040 m ) 2 

E 2 points toward q 2 and makes an angle ^ = tan _ 1 (4/2) = 63.43° with the x-axis. So, 

E 2 =-E 2 cos</>i +E 2 sm0j = (-10064/ +20,124 j) N/C 
Adding these three vectors gives 

E net = E x + E 2 + E 3 = (102,43 6 / - 3 6,12 6 j) N/C = (1.0 x 10 5 / - 3 .6 x 10 4 j) N/C 

This is in component form. 

(b) The magnitude of the field is 

£ net = ^£ 2 +£ 2 = 7(102,436 N/C ) 2 + (-36,126 N/C ) 2 = 10 8,619 N/C = 1.1 x 10 5 N/C 

and its angle from the x-axis is 6 = tdia~ x {^E y IE^j = -\9A°. We can also write E net = (l.lxlO 5 N/C, 19.4°CW 
from the +x-axis). 


23.36. Model: The electric field is that of three point charges q x , q 2 , and q 2 . Assume the charges are in the x-y 
plane. 

Visualize: The -5.0 nC charge is q^, the bottom 10 nC charge is q 2 , and the top 10 nC charge is q 2 . The net 
electric field at the dot is £ net = E { + E 2 + E 3 . The procedure will be to find the magnitudes of the electric fields, to 
write them in component form, and to add the components. 
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Solve: (a) The electric field produced by q 3 is 

m 2 ;C 2 )(5.0x.Q - 9 C) = N/c 

4tt£ 0 i\ ( 0.020 m ) 2 

£) points toward q 3 , so in component form £) = 112,500 j N/C. 

The electric field produced by q 2 is E 2 = 56,250 N/C. E 2 points away from q 2 , so E 2 =-56,250i N/C. 

Finally, the electric field produced by q 2 is 

= (9J)xloW/C*XI0xl<r»C) , N/c 
4 7T£ 0 r 2 (0.020 m ) 2 + (0.040 m)" 

E 2 points away from q 3 and makes an angle 0 = tan _ 1 (2/4) = 26.6° with the x-axis. So, 

E 3 = -E 3 cos</>i -E 3 sin</>j = (-40,250/ -20,130/) N/C 
Adding these three vectors gives 

£ net = E ] +E 2 + E 3 = (-96,500/ +92,400j) N/C = (-9.7X10 4 / + 9.2xl0 4 j) N/C 

This is in component form. 

(b) The magnitude of the field is 

E net = ^£ 2 +£ 2 = (96,500 N/C ) 2 + (92,400 N/C ) 2 = 133,600 N/C = 1.34x 10 5 N/C 

and its angle below the -x-axis is 0 = tan _ 1 ^|.E' > ,/£' T |j = 44 o . We can also write £ net = (1.34xl0 5 N/C, 136°CCW 
from the +x-axis). 

23.37. Model: The electric field is that of three point charges q t , q 2 , and q 2 . Assume the charges are in the 
x-y plane. 

Visualize: The -10 nC charge is q 3 , the 10 nC charge is q 3 , and the -5.0 nC charge is q 2 . The net electric field at 
the dot is £ net =£) +E 2 + E 3 . The procedure will be to find the magnitudes of the electric fields, to write them in 
component fonn, and to add the components. 

Solve: (a) The electric field produced by q { is 

£, = _!_M = (9-0xl0 9 N m 2 /C 2 )(IOxlO ~ 9 C) = , N/c 
47T£ q r{ (0.030 m ) 2 

E { points toward q x , so in component form E x =100,000 j N/C. 

The electric field produced by q 2 is E 2 = 18,000 N/C. E 2 points toward q 2 , so E 2 =18,000/ N/C. 

Finally, the electric field produced by q 3 is 

£ 3 = _!_M = O.0xl0 9 N.+/C 9 )(10xl0- 9 C) = N/c 
4 7T£ 0 r 2 (0.030 m) 2 + (0.050 mr 

E 3 points away from q 3 and makes an angle ^ = tan _ 1 (3/5) = 31° with the x-axis. So, 

E 3 =-E 3 cos<f)i - E 3 sin</)j = (-22,700/ -13,634 j) N/C 
Adding these three vectors gives 

E net =E l + E 2 +E 3 = (-4700/ +86,366 j ) N/C = (-4.7 x 10 3 / + 8 . 6 x 10 4 j) N/C 
This is in component form. 
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(b) The magnitude of the field is 

c - / c2 , 


£ net =4 E x +E y = N/c ) + (86,366 N/C)“ = 86,494 N/C = 8.6xl0 4 N/C 

and its angle from the x-axis is 6 = tan -1 j = -87°, but we see that we need to be in the second quadrant so 

we add 180°. We can also write E net = (8.6x10 4 N/C, 93° CCW from the+x-axis). 

23.38. Model: The electric field is that of three point charges q ] = -Q, q 2 = - Q , and q 2 = +40. 

Visualize: Assume the charges are in the x-y plane. The net electric field at point P is is net = E l +E 2 + E 2 . The 
procedure will be to find the magnitudes of the electric fields, to write them in component form, and to add the 
components. 


<?i = - 2 b 




? 3 = +4 Q 


<?2 = -Q 


e: The electric field produced by q l points toward q { and is given by 


E- 1 Q i 
[4 ^ 0 L 2 ) 


: electric field produced by q 2 points toward q 2 and is given by 


The electric field produced by q 2 is 


E 2 

_ f 1 

o 

q) 


1 

f 4 2 ] 

l | 

"2 Q) 

47T£ 0 

[l 2 +l 2 J 

4k£ 0 \ 

v L 2 j 


E 2 points away from q 2 and makes an angle 0 = tan l (L/L) = 45° with the x-axis. So 

5 1 (2 Q\ - . - 1 2Q( 1 ^ 1 - 

= vj (c0 sf+ smM ‘^F e E{T2 


Adding these three vectors gives 
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23.39. Model: The electric field is that of two charges —q and +2q located at x = ±a. 

Visualize: 



Solve: At point 1, the electric field from —q is 


1 


__ 1 q 

4 K£ 0 (a) 2 + (2a) 2 4 7T£ 0 5a 2 


E points toward —q and makes an angle <j\ = tan l (2a/a) = 63.43° below the -x-axis, hence 


E-q = j- 1 —( -^2 ](cos^/ - sin^j) = —— [ -Ui — J=j = - JUf 

4ne {) v 5a ) 47T£ 0 v 5a 5 v5 J 47r£oy5\j5a" 


The electric field from the +2q is 


1 


-+2q ' 


2q 


1 2q 

4k£q a 2 + (2a) 2 4x£ 0 5a 2 


E +2 points away from +2q and makes an angle <j\ = tan l (2a/a) = 63.43° above the -x-axis. So, 


- , +2q ' 


1 ( 2 q 


4 7i£ a \ 5 a 


— T (cos&i +sin^ 2 7 ) : 


4^f 0 [ 5^5a 2 


(2i + 4j) 


Adding these two vectors, 


fine, E_ q+ E +2q An£ ^ a 2 


(3t + 2j) 


At point 2, the electric field from -q points toward -q, so 


1 


9 47T£ 0 {9a 2 

The electric field from +2^r points away from +2^r, so 

1 (2q) T 


~ i+ 2q ' 


4 7T£, 


0 \a 


Adding these two vectors, 


f 2 net _ E_q + E +2q ■ 


1 ri7 g \ ? 

4k£ 0 v9a 2 


2 j) 
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At point 3, the electric field from -q points toward -q, so 


1 ( <L\? 

2 


The electric field from +2q points away from +2q, so 


-+2q ■ 


4 7T£ 0 \CT 

. 1 r 2 g 

47re 0 {9a 2 


Adding these vectors, 


^3 net _ E _q + E +2q : 


4 7T£ 0 {9a 2 


Point 4 is a mirror image of point 1. Since E l net points to the left and up, E A net has a reversed y-component and 
points to the left and down. Thus, 

- 1 


^4 net 


4^o 1575, a 2 


(3/ - 2y) 


23.40. Model: The electric field of a dipole is that of two opposite charges +q that make the dipole. 

Visualize: Please refer to Figure 23.5. The figure shows a dipole aligned on the y-axis, so the x-axis is the bisecting 
axis. The field at a point on the x-axis is ^dipole = E + + E_. 

Solve: From the symmetry of the situation we can see that the x-components of the two contributions to the electric 
field will cancel, that they have equal y-components, and that £ di p 0le points in the -y-direction. Thus, 

(^dipole)* = 0 N/C (^dipole) v = ~ 2E + 
where #is the angle E + makes with the x-axis. From the geometry of the figure, 

s/2 


sin# = 


[x 2 +(s72) 2 ] 1/2 


For a point charge +q, the field is 


E + =- 


1 


4k£q X 2 + ( s / 2) 2 

Combining these pieces gives the dipole field at distance x along the bisecting axis: 

1 q s/2 - _ qs 


^dipole - ~( 2 ) 


4jt£ 0 x z + (s/2) 2 [x 2 + (s/2) 2 ] 1/2 ' 4k£q(x 2 + s 2 / 4) J 


J- 


2 , 2 t a \ 2>!2 • 


Ifx » 5, then (x 2 +5 2 /4) 3/2 =x 3 . Thus 


^dipole ' 


1 qsj 

xe 0 x 3 


If we note that p = qsj and if we replace x with a more general variable r to denote the distance from the dipole, then 

1 P 


^dipole ' 


^0 r 


This is Equation 23.11. 


23.41. Model: The electric field is that of two infinite lines of charge extending out of the page. 

Visualize: The line charges lie on the x-axis. 

Solve: From Equation 23.17, the electric field strength due to an infinite line of charge at a distance r from the line 
charge is 

e= _^2\A\ 

4 7T£ 0 r 
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For the left and right line charges, the electric fields are 

- _ , 1 2 A 

£ left - right : 


4 A 


4 K£, 


o yjy 2 + (d/2) 2 4^0 ^4 v 2 +d 2 


fie ft makes an angle (/> above the +x-axis and makes the same angle <p above the -x-axis. From the geometry of 
the figure, 

dl 2 d . , 2y 


cos(/>- 


yjy 2 + d 2 /4 yj4y 2 + d 

1 


sin^ = 


y]4v 2 + d 2 


^ left 


^right — ' 


4^0 

1 


4A 

d ? 

V 4 .v 2 + d 2 

WV+i 2 i 


2 v 


4A 


4 ne n 


d ? 2 v - 
1 + i ' =7 


'o yj4v 2 + d 2 [ yj4y 2 +d 2 y]4v 2 +d 

We now add these two vectors to find £ net = £i eft + E right . The x-components cancel to give 


4/rfn 


4A 


( 2 ) 


2 v 


Thus the field strength is 


1 16 Ay 


~ 1 16Av - 

2 — 77 ? . 9 V 


4;rf 0 (4y +cr) 


£ = - 


4/ce 0 4y 2 + d 2 


23.42. Model: The electric field is that of two infinite lines of charge extending out of the page. 

Visualize: The line charges lie on the x-axis. 

Solve: (a) From Equation 23.17, the electric field strength due to an infinite line of charge at a distance r from the 
line charge is 

e = ^2\A\ 

47T£ 0 r 


For the left and right line charges, the electric fields are 

7-, _ r-i _ 1 2A 


4A 


J left “ right 


4 tie. 


o yjv 2 + (d/2) 2 4^0 ^4 v 2 + d 2 


COS0 = 


d/2 


yjy 2 + d 2 / 4 yj4 y 2 + d 2 


sin^ = 


2 .v 


■'left ' 


^ right 


' ^net _ ^left + ^right “ ' 


1 

4A 

f 

d 


4 **o M 

Uy 2 +d 2 



1 

4 A 


d 

7 * 

4^0 yj‘ 

4_v 2 + d 2 

\]4y 2 +d 2 yj4y 

1 

( 4A 


( 2 ) 

( 

d 

4^o 

U4y 2 + d 2 ) 

[W + d 2 


V 4 y 2 +d 2 
2 v 9 


2 v 


1 


8 Ad 


4ke 0 (4 v 2 +d 2 ) 
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Thus the field strength is 


1 8Ad 
Ak£ q 4 y 2 + d 2 


23.43. Model: The electric field is that of a line of charge of length L. 
Visualize: 


Segment i 



The origin of the coordinate system is at the center of the rod. Divide the rod into many small segments of charge Aq 
and length Ax. 

Solve: (a) Segment i creates a small electric field E t at point P that points to the right. The net field E will point to 
the right and have E v = E z = 0 N/C. The distance to segment i is x, so 


E l =(E i ) x 


Aq 




A q 


4/T£ 0 (x-x-y ~ 4k£ 0 ^(x-x') 2 

Aq is not a coordinate, so before converting the sum to an integral we must relate the charge Aq to length Ax. This is 
done through the linear charge density A = Q/L, from which 


With this charge, the sum becomes 


Aq = A Ax' = —Ax' 
L 


£ (Q/L)^ Ax' 


4^o T (x-x ') 2 

Now we let Ax' —> dx' and replace the sum by an integral from x = -\L to x = + jL. Thus, 


E = 


(Q/L) 


LI2 , , 

f ax 

_ (Q/L) 

1 

LI 2 

(Q/L) 

-1/2 ( X ~ X ) 

4nz 0 

x-x 

-1/2 

4/rf 0 x 2 

i at x is 







E= 1 

Q 




-I? 14 



E = 

1 

Q_ 


■ E = 


1 


4/rf n x 2 -L 2 14 


(b) Forx » L, 


That is, the line charge behaves like a point charge, 
(c) Substituting into the above formula 


E = (9.0xl0 9 N m 2 /C 2 )- 


4ke. 


0 X 


3.0 x 10 -9 C 


(3.0x 10 -2 m) 2 -(ix5.0xl0“ 2 m) 


- = 9.8xl0 4 N/C 
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23.44. Model: The electric field is that of a line charge of length L. 

Visualize: Let the bottom end of the rod be the origin of the coordinate system. Divide the rod into many small 
segments of charge A q and length A y. Segment i creates a small electric field at the point P that makes an angle 6 

with the horizontal. The field has both x andy components, but £.=0N/C. The distance to segment i from point P 
is (x 2 + y ,2 ) 1/2 . 

Solve: The electric field created by segment i at point P is 

Ac l 


E: = 


4 /re 0 (x 2 +y' 2 ) 


(cos 6i - sin 6j) = 


47T£ 0 (x 2 + y' 2 ) 




x 1 */ 2 




2 , '2 
x +y 


The net field is the sum of all the E h which gives E = A q is not a coordinate, so before converting the sum to 

i 

an integral we must relate charge A q to length Ay. This is done through the linear charge density A = QIL, from 
which we have the relationship 


With this charge, the sum becomes 


E= m_y 

4it£n ; 


A q = jIA y — y 


xAy 


y’Ay 


(x 2 + y' 2 ) 312 ‘ (x 2 + y' 2 ) 3/2J 


Now we let Av / —> dy and replace the sum by an integral from y — 0 m to y = L. Thus, 


E-W 


(L 


4 7l£ n 


xdy 


Vo 


(x 2 + v' 2 ) 3/2 


i-l 


y'dy 


(x 2 +y' 2 ) 312 ' 



( 

r 

L 


L 

_ (QIL) 


/ 

1 

-i 

j 



2 / 2 . a 


/ 2 . /2 



x yjx + y 

0 

xjx + y 

0 J 


4 *»o x\Jx 2 + L 2 ^ Lx 


1 - 


Jx 2 + L 2 


23.45. Model: Assume that the ring of charge is thin and that the charge lies along circle of radius R. 

Solve: From Example 23.4, the on-axis field of a ring of charge Q and radius R is 

E = _£2_ 

Z 4 7T£ 0 (z 2 + R 2 ) 3 ' 2 

When z « R, this means we are near the center of the ring. At that point, segments of charge i and j that are 180° 
apart create fields E t and E: that cancel each other. When the fields of all segments of charge around the ring are 

added, the net result is zero. This is indicated by the above expression because when z = 0 m, the electric field is zero. 
When z » R, then 

/ 2 . d 2\3/2 , 2x3/2 3 

(z +R ) =(z ) =z 

If this is used in the expression for E z , we get 

4^f 0 z 3 4 7T£ 0 Z 2 

This is the field of a point charge Q as seen along the z-axis. 
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23.46. Model: Assume that the ring of charge is thin and that the charge lies along circle of radius R. 
Solve: (a) From Example 23.4, the on-axis field of a ring of charge Q and radius R is 

E - 1 

z 4k8q (z 2 + R 2 ) 312 

For the field to be maximum at a particular value of z, dE/dz - 0. Taking the derivative, 


dE 

dz 


4/rfn 


(z 2 +R 2 f 2 


z(3/2)(2z) 1 

(z 2 +R 2 ) 5,2 \ ( z 2 +R 2 f 2 


3 z 2 

(z 2 +R 2 f 2 


3z 


z 2 +R 2 



(b) The field strength at the point z = R/^fl is 


Q (R/yl 2) 2 Q 

4^0 r (R/ 7^)2 + r 2f 2 3^3 47T£ 0 R 2 


23.47. Model: Assume that the semicircular rod is thin and that the charge lies along the semicircle of radius R. 
Visualize: 





The origin of the coordinate system is at the center of the circle. Divide the rod into many small segments of charge 
A q and arc length As. Segment i creates a small electric field E t at the origin. The line from the origin to segment i 
makes an angle <?with the x-axis. 

Solve: Because every segment i at an angle 6 above the axis is matched by segment j at angle 8 below the axis, the 
y-components of the electric fields will cancel when the field is summed over all segments. This leads to a net field 
pointing to the right with 

E x = X (E,) x cost?,. E y = 0 N/C 

i i 

Note that angle depends on the location of segment i. Now all segments are at the same distance /•• = R from the 
origin, so 

E V A( / 

4x£ 0 r 2 47T£ 0 R 2 

The linear charge density on the rod is A = Q/L, where L is the rod’s length. This allows us to relate charge A <j to the 
arc length A? through 

A.q = A As = (Q/L)As 
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Thus, the net field at the origin is 


(Q/L)As 
4 7T£ 0 R 2 


cos 6j = 


_ Q. _y 

4/r£ 0 LR 2 “ 


cos0,As 


The sum is over all the segments on the rim of a semicircle, so it will be easier to use polar coordinates and integrate 
over 8 rather than do a two-dimensional integral in x and y. We note that the arc length As is related to the small 
angle A 8 by As = RA8, so 


Q 

4 7I£qLR 


ycos^-A# 


With A8—> d8, the sum becomes an integral over all angles forming the rod. Ovaries from A8 = -k!2 to 8 = +nH. 
So we finally arrive at 


E=- 


n! 2 


4 7T£ 0 LR 


I 


nil 


cos ddd = 


Q ■ a \nn 

-sin# n 

47T£ 0 LR rrL 


2 Q 

4ne 0 LR 


Since we’re given the rod’s length L and not its radius R, it will be convenient to let R = L/k. So our final expression 
for E, now including the vector information, is 

4^o V L 2 J 

(b) Substituting into the above expression, 

£= (9.0xl0 9 Nm 2 /C 2 )2.(30xl0"C) =170xl05N/c 
(0.10 m) 2 


23.48. Model: Assume that the quarter-circle plastic rod is thin and that the charge lies along the quarter-circle of 
radius R. 

Visualize: 



The origin of the coordinate system is at the center of the circle. Divide the rod into many small segments of charge 
A q and arc length A?. 

Solve: (a) Segment i creates a small electric field E t at the origin with two components: 

(■ E i)x = E i cos0 i (■ E i) y = E i si n <9, 

Note that the angle depends on the location of the segment i. Now all segments are at distance r ; - = R from the 
origin, so 

E 1 Aq _ 1 Ag 

4ke {} r 2 4 k£ q R 2 
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The linear charge density of the rod is A = QiL, where L is the rod’s length (L = quarter-circumference = 7TR/2). This 
allows us to relate charge Aq to the arc length As through 

O f ~>n\ 

As 


(Q)as = 

'lQ\ 

{ L ) 

yXR) 


Using As =RA8, the components of the electric field at the origin are 

1 Aq 


(EX 


C0S ft.=_L_Lf^£ | 


4xe n R 2 ' 4 tta r 2 1 kR J 


RA8cos8,- 


1 




‘o 

1 1 

4 ne 0 Rr\nR) 


2 Q 


4/T£ 0 JtR ) 


\A6cosd: 


2Q\ 


RAdsind: =—-—f |A0sin& 

4n£ Q y7rR 2 ) 


(b) The x- and y-components of the electric field for the entire rod are the integrals of the expressions in part (a) from 
<9 = 0 rad to 8 = k!2. We have 


1 ( 2 Q W/2 


4k£q \7CR 2 r° 


[cos 8d8 

Jo 


1 f 2Q V*/2 . 


4 ne Q yxR 2 J Jo 


rUi 2 . 

[ sm 8d8 

Jo 


(c) The integrals are 

J o sin 0 r /0 =[-cos^]^ / “ =-^cos^--cosoj = + l J q cos8d8 =[sin 6 *] ( 


I n!2 . 7t . . 

L =sin-sin0 = +l 

lo 2 


The electric field is 


1 20 . ,, 

- t 0 +j) 

4/T£ 0 7iR 


23.49. Model: The electric field obeys the principle of superposition. Model the hole (which has no charge) as a 
disk of positive charge (part of the infinite plate) superimposed with a disk of negative charge. 

Visualize: We’ll use the on-axis field of a disk of charge; label that axis as the z-axis. We are given rj = 3.2 //C/m 2 , 
R = 0.10 m, and z = 0.12 m. 


Solve: We’ll get the total field from adding the field of the infinite plane to the field of a negative disk where the hole is. 


Eto\ Opiatic ^clisk 


1 

1 

1 . 

z 

1 

z 

2e 0 

2£ 0 


Jz 2 + R 2 

2£q 

4z 2 +R 2 


(3.2 //C/m 2 ) 

0.12 m 

2(8.85xl0 -12 C 2 /N-m 2 ) 

- 7 ( 0.12 m ) 2 + ( 0.10 m ) 2 


= 1.4xl0 5 


N/C 


Assess: The answer is in the ballpark of the answer for the example in the book. We also note that the answer 
depends linearly on 77 , which we expect. In the limit as the hole becomes negligible and the field is as if it 

were due to an infinite plane of charge. 


23.50. Model: The electric field of a sphere of charge is the same as if all the charge were concentrated at the center. 
Visualize: Put the origin at the center of the sphere. 



Infinite plane 
of charge 
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Solve: First express the charge on the sphere Q in terms of the given rj. 


Q Q 

T] — ~ = , 

A 4 nR 2 


> Q = 4 7rR~rj 


In the figure the field from the plane points in the negative direction. 

1 Q T] _ q 1 4kR 2 t] _ rj 

47T£ 0 r 2 2e 0 4ne 0 r 2 2e 0 


^sphere + ^plane ' 


R z 


--J2R 


This is the distance from the center of the sphere; the distance from the plane is 2 R - \[2R = (2 - yjl )R. 

Assess: The answer is outside the sphere (which is good). The charge density cancelled out, so this result stands 
regardless of the value of 77 . 


23.51. Model: The electric field is uniform inside the capacitor, so constant-acceleration kinematic equations apply 
to the motion of the proton. 

Visualize: 


y 


Proton 



x 


Known 

X 0 = 3>o = 0 m 

v 0x = 1.0 X 10 6 m/s v 0v = 0 m/s 
x 1 = 2.0 cm 
y = 1.0 X 10~ 6 C/m 2 

Find 

yi ~yo 


Solve: From Equation 23.31 and Q/A = i], the electric field between the parallel plates E = (7]/£ 0 ) j. The force on the 
proton is 

b £ - qn ■ rh 

F - ma = qE =>a = -— = —— ; => a Y = —— 
m me 0 me 0 


Using the kinematic equation y ] = y 0 +v 0v (q -t 0 ) + 4 fl F (h _? o) 2 > 


4v = y\ ~ To = (0 m/s)(q - 1 0 ) + \-a (/, - 1 0 ) = H — 

2 ■ 2{m£ 0 j 


( ? 1 


To determine /j -t 0 , we consider the horizontal motion of the proton. The proton travels a distance of 2.0 cm at a 
constant speed of l.OxlO 6 m/s. The velocity is constant because the only force acting on the proton is due to the 
field between the plate along the y-direction. Using the same kinematic equation, 


Ax = 2.0xl0 2 m = v 0 ;c (/ 1 -/ 0 )-l-Om=>(/ 1 -/o)= 

1 . 0 x 10 m/s 


2 . 0 xl 0 -2 m 


= 2 . 0 x 10 s 


. 1 (1.60xl0“ 19 C)(1.0xl0 _6 C/m 2 )(2.0xl0" 8 s) 2 

> Av =- ~ -P 5 —r-T—— = 2.2 mm 

' 2 (1.67xl0“ 27 kg)(8.85xl0“ 12 C 2 /Nm 2 ) 


23.52. Model: Assume that the electric field inside the capacitor is constant, so constant-acceleration kinematic 
equations apply. 

Solve: (a) The force on the electron inside the capacitor is 

£ - £ - qE 

t = ma = qh => a = -— 
m 
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BecauseEis directed upward (from the positive plate to the negative plate) and <jr = -1.60xl0 19 C, the 
acceleration of the electron is downward. We can therefore write the above equation as simply a v =qE/m. To 
determine E, we must first find a . From kinematics, 


1 7 

x { = x 0 +v 0x (t l -t 0 ) + —a x (ti~t 0 ) => 0.040 m = 0 m + v 0 cos45 o (q -1 0 ) + 0 m 


’ (h ~ ? o) _ 


(0.040 m) 


(5.0x10° m/s)cos45° 


= 1.1314x10 s 


Using the kinematic equations for the motion in the v-direction, 


V 1V = v 0 V + a y 


— ——l=>0m/s = v n sin45° + f-^-Y——- 


^ m 


»E = - 2 m v 0 sin45° _ _ 2(9.1xl0~ 31 kg)(5.0xl0 6 m/s)sin45° _ 355Q N/c - 3 6xl0 3 N/C 


q(h~t 0 ) 


(-1.60 x 10“ 19 C)(l .1314 x 10 _o s) 

(b) To detennine the separation between the two plates, we note that y 0 = 0 m and v 0 = (5.0x10° m/s)sin 45°, but 
at y = y l , the electron’s highest point, Vj =0m/s. From kinematics, 

vj f y = vq y + 2a v (yi - To) => 0 m2/ s 2 = v o sin2 45 ° + 2 «j(.Vi - To) 

vq sin 2 45° Vq 

=> (Ti - To) = -- = -~r L - 

2a v 4a v 

y y 


From part (a), 


= *£ = (-1-60X10- 19 0(3550 N/C) = _ 6242x1q1 4 m/s 2 


m 


9.1xl0 -31 kg 


(5.0x10° m/s) 2 nn , n 

> v, - v n =-—- - — = 0.010 m = 1.0 cm 

4(-6.242xl0 14 m/s 2 ) 


This is the height of the electron’s trajectory, so the minimum spacing is 1.0 cm. 


23.53. Model: The electric field is uniform inside the capacitor, so constant-acceleration kinematic equations apply 
to the motion of the electron. 

Visualize: The condition for the electron to not hit the negative plate is that its vertical velocity should just become 
zero as the electron reaches the plate. 

Solve: The force on the electron inside the capacitor is 


=> a 


y 


F = ma =qE => a = 


qE 

m 


-(l-60xl0" 9 C)(l-0xl0 4 N/C)_ 1 756xl0 , 5m/s2 
9.1 lxlO -31 kg 


The initial velocity v 0 has two components: v 0y = v 0 cos45° and v 0v = v 0 sin45°. Because the electric field inside 
the capacitor is along the +v-direction, the electron has a negative acceleration that reduces the vertical velocity. We 
require v lv . = 0 m/s if it is not to hit the plate. Using kinematics, 


v l 2 y = V 0v + 2a y(yi - To) : 


• (0 m/s) 2 = Vq y + 2 a y Ay 


v 0y ' 


= ^-2a v Ay = yj—2(— 1.756xl0 15 m/s 2 )(0.02 m) = 8.381x10° m/s 


8.381x10° m/s , ln ,. 7 . 

-= 1.19x10 m/s 

sin45° 
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23.54. Model: The parallel plates form a parallel-plate capacitor. The electric field inside a parallel-plate capacitor 
is a uniform field, so the electrons will have a constant acceleration. 

Visualize: 



Solve: (a) The bottom plate should be positive. The electron needs to be repelled by the top plate, so the top plate 
must be negative and the bottom plate positive. In other words, the electric field needs to point away from the bottom 
plate so the electron’s acceleration a is toward the bottom plate. 

(b) Choose an xv-coordinate system with the x-axis parallel to the bottom plate and the origin at the point 
of entry. Then the electron’s acceleration, which is parallel to the electric field, is a = aj. Consequently, the 

problem looks just like a projectile problem. The kinetic energy K = j/»v q =3.0x 10 -17 J gives an initial speed 

v 0 = (2 Kim) 112 = 8.115xl0 6 m/s. Thus the initial components of the velocity are 

v x 0 = v 0 cos45° = 5.74xl0 6 m/s v v0 = v 0 sin45° = 5.74xl0 6 m/s 

What acceleration a will cause the electron to pass through the point (x 1; y{)= (1.0 cm, 0 cm)? The kinematic 
equations of motion are 


1 2 

*i = *o + v xoh + ^ a A = v vofi = 0.010 m 


1 1 2 A 
y\ = To + v y oh + 7 a /i = Vi = 0 m 


From the x-equation, t x =x 1 /v x0 =1.742x10 9 s. Using this in the v-equation gives 

a = _ = _ 6 .5 9 x 1 O' 5 m/s 2 

t[ 

But the acceleration of an electron in an electric field is 

a = = .gelgc E_ = = eE__^ E:= _ma_ = _ (.9.nxlO - kg)( ~ 6 ^ 9x 10 m/s ^ = 37,500 N/C = 3.8X10 4 N/C 

m m m e 1.60x10 19 C 

(c) The minimum separation r/ min must equal the “height” v max of the electron’s trajectory above the bottom plate. 

(If d were less than v max , the electron would collide with the upper plate.) Maximum height occurs at / = ^0 = 

8.71xlO~ 10 s. At this instant, 


Thus, d min = 2.5 mm. 


1 7 

y max = v y0 t + —at = 0.0025 m = 2.5 mm 


23.55. Model: The orbital motion of the positron-electron system about their center of mass is due to the electric 
force between the positron and the electron. 

Solve: The distance between the charges is twice the radius of their orbits about the center of mass. The force that 
causes the circular motion is 

_ 1 ^positron (^electron| _ ^electron v _ /;? positron^ _ _ ^electron f_ } 

47T£ 0 (2 r 2 ) r r r 
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where we used v = 2jirf. The frequency is 
/ = 


r i i 

| ^positron (^electron | _ | 1 

U^oJ 

^electron 16 2T V ]j 


(9.0xl0 9 N m 2 /C 2 )(1.60xl0 -19 C) 2 
(9.1xl0“ 31 kg)16^- 2 (0.50xl0“ 9 m) 3 


= 1.13xl0 14 Hz 


23.56. Model: The long charged wire is an infinite line of charge. The charges on the wire and the plastic rod are 
uniform. 

Visualize: The plastic stirrer is located on the x-axis. 

Solve: The electric field of the infinite line of charge at a distance x from its axis is 


47r£ 0 x 


Because the electric field is a function of x, the plastic stirrer experiences an electric field that varies along the length 
of the stirrer. We handled such problems earlier. Take a small segment of the charge on the stirrer and calculate the 
electric force due to the line charge on this charge segment A q. A summation of all such forces on the charge 
segments Aq will yield the net force on the stirrer. This procedure is equivalent to integrating the electric force on a 
small segment A q over the length of the stirrer. The force on charge A q of length Ax at position x due to the infinite 
line of charge is 

A F = EAq = EX Ax = —— [ 2?l?l ^ 

4k£q y x 


In the above expression, X = QtL is the linear charge density of the stirrer and A is the linear charge density of the 
plastic rod. We have also used the relation Aq/Ax = X. Changing Ax —> dx and integrating x from x = 0.020 m to 
x = 0.080 m, the total force on the stirrer is 


0.080 m 


1 


1 2 AX 


0.020 m 4;re ° X 


dx = 


V 4 ^o J 


(2 AX) In x| 


0.080 m 
0.020 m 


V 4 ^o 


(2 AX) In 


= (9.0xl0 9 Nm 2 /C 2 )2(1.0xl0“ 7 C/m) 


1 10xl0~ 9 C^ 
0.060 m 


ln(4) = 4.2x10 


-4 


0.080 m 3 ! 

0.020 m J 

N 


23.57. Model: Assume the soot particle is a point charge in F = qE and a small sphere where the drag force is 
concerned. Also assume the particle becomes negatively charged. 

Visualize: Draw a free body diagram with the electric force directed down because the E field is down, but the 
actual direction of that force depends on the sign of q. 



Solve: (a) Write Newton’s first law using the free body diagram. 

TF = 6nqrv tcrm - mg -qE = 0 
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Note that m = Vp = j7Tr 3 p. Solve for v ts 


(jXr 3 p)g + qE 


(b) With the qE term equal to zero the 7 T and an r will cancel. 


r 2 pg 4(0.50 //m) 2 (2200 kg/m 3 )(9.8 m/s 2 ) 


_ 3 _ 3 


6/7 6 ( 1 . 8 xl 0 -5 kg/m-s) 

(c) The charge on the soot particle is negative, so the electric force is up. 


= 0.067 mm/s 


4/t( 0.50 //m) 3 (2200 kg/m 3 )(9.8m/s 2 ) + (125)(-1.60xl0 -19 C)(150N/C) 

v tprm =--;-= 0.049 mm/s 

6 tt( 1. 8 x 10 5 kg/m-s)(0.50//m) 

Assess: The terminal speed is smaller when the electric force is present, as we would expect. 

23.58. Model: An orbiting electron experiences a force that causes centripetal acceleration. 

Visualize: 



Solve: The electron orbits at a radius r = R + h = \(2.0 mm) +1.0 mm = 2.0 mm. The force that causes the circular 

motion is simply the electric force F given by Coulomb’s law: 

*|a p here|kelec| _ Sphere _ (9XlQ 9 N m 2 /C 2 )(l , 6 x 10 ~ 19 C)(1.0xl0 ~ 9 C) 60xl0 _13 N 
r 2 r 2 ( 2 . 0 xl 0 -3 m ) 2 

For circular motion, 


F ^^centripetal ' 


l*= (2-0xl0- 3 m)(3.6xl0- 13 N) =28xl07m/s 
lm V 9.1 lxlO -3 kg 


23.59. Model: The electron orbiting the proton experiences a force given by Coulomb’s law. 

Visualize: 



Solve: The force that causes the circular motion is 

F _ 1 ‘/pkel _ m e v 2 _ m e (47T 2 r 2 f 2 ) 

47T£ 0 r 2 r r 
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where we used v = InrIT = 2nrf. The frequency is 

f- 


1 




(9.0X10 9 Nm 2 /C 2 )(1.60xl0 -19 C) 2 _ 656xlol 5 Hz 


4k£ 0 j47T 2 m e r i V 4^r^(9.11x10 J1 kg)(5.3x!0 11 m) 3 


23.60. Model: The electric field at the dipole’s location is that of the ion with charge q. 
Visualize: 


+<? 

o 

h— 


Dipole 

o 

-H 


Solve: (a) We have p = aE. The units of a are the units of p/E and are 

C m _ C 2 m _ C 2 s 2 
N/C _ N ” kg 

(b) The electric field due to the ion at the location of the dipole is 


f 


^at dipole ' 


1 q 


, away from q 


v -" f o r 

Because p = aE, the induced dipole moment is 


1 ( l j 
7T£ 0 r 2 


1 fir l- 

P = a | -T ' 

r 2 ) 

From Equation 23.10, the electric field produced by the dipole at the location of the ion is 


-^dipole ' 


e o r 


to \r 


1 1 ( 2 ) a J-4r\i: 1 1 


e o r 


AK£, 


0) 


2qa\ 

~r 


The force the dipole exerts on the ion is 

-^dipole on ion — 17-^dipole — I 


f 1 ' 

2 

2q 2 a 

V 4k£q j 


{ '- 5 J 


According to Newton’s third law, N dipole , 


-^ion on dipole- Therefore, 


F: 


ion on dipole ' 


1 2q z a 


\4k£ o) r 5 


, toward ion 


23.61. Model: The electric field at the dipole’s location is that of the infinite line of charge of linear charge density A. 

Visualize: 


dD 
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Solve: The field at distance r from an infinite line of charge is 

? 12 A, 

E = - r 

4 7T£ 0 r 

It points straight away from the line. The dipole consists of charge +q at distance r + s/2 and charge —q at distance 
r -s/2. The net force on the dipole due to the field of the line is 

F = qE + - qE_ = 

2qsA 


47T£ 0 (r 2 - (s/2) 2 ) 


2qA f 1 

i N 

| „ 2qA 

' (r - s/2) - (r + s/2) V 

4tt£ 0 \r + s/2 

r-sl 2 y 

) 4/t£ 0 

v (r + s/2)(r - s/2) J 

- £ 

2pA 

V 



4/t£ 0 (r 2 - (s/2) 2 ) 


where we used p — qs for the dipole moment. The minus sign shows that this is an attractive force, toward the line of 
charge. If r » s, the (s/2) 2 term in the denominator is negligible and we find that the line of charge exerts an 


attractive force of magnitude 


F = 


2pA 
4/r£ 0 r 2 


23.62. Model: Model the ozone molecule as a unifonn rod. 

Visualize: When the molecule is rotated there is a restoring torque tending to return it to equilibrium. This has the fonn of a 
Hooke’s law if the angle is small. The rod-like molecule will vibrate around an axis through its center, so I = j^MLr. 
Solve: The torque is in the opposite direction from the angle of rotation: T = -pEsin0. We combine this with the 
rotational fonn of Newton’s second law: T = la. 

-pE sin# 


a = - 


But a is the second derivative of #. 


dt 

Because the angle is small we can approximate sin# = # . 


6 _ -pE sin# 

2 ““ T 


d~8 _ -pE 


0 


dr I 

From our chapter on simple hannonic motion we know that the general fonn of the differential equation is 


d 2 x 
dt 2 


-co 2 x 


Match this up with what we have and see that the angular frequency of the oscillation is 

i^e pE r~ 


(O- 


(1.8xlO -30 C m)(5000 N/C) 


'n 


ML~ 


= 4.657 GHz 


12 ..~ vI L(3-16u-1.66x 10“ 27 kg/u)(2.5xlO“ 10 m) 2 

The frequency/is then / = co/2n = (4.657 GHz)/2;r = 0.74 GHz . 

Assess: The tiny molecule oscillates back and forth many, many times per second. 

23.63. Solve: (a) Charges +2.0 nC form an electric dipole. The electric field strength 2.5 cm from the dipole in the 
plane perpendicular to the dipole is 1150 N/C. What is the charge separation? 

(b) Solving for s, 

(1150 N/C)(0,025 m) 3 
s - 


(9xl0 9 N m 2 /C 2 )(2.0xl0 -9 C) 


= 9.98xl0~ 4 m = l.OxlO -3 m = 1 .0 mm 
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23.64. Solve: (a) A very long charged wire has linear charge density 2.0x10 7 C/m. At what distance from the wire 
is the field strength 25,000 N/C? 

(b) Solving for r, 

(9xl0 9 N m 2 /C 2 )2(2.0xl0 -7 C/m) 

r = - -—-- = 0.144 m = 14 cm 

25,000 N/C 


23.65. Solve: (a) At what distance along the axis of a charged disk is the electric field strength half its value at the 
center of the disk? Give your answer in terms of the disk’s radius R. 

(b) Dividing both sides of the equation by ri/2e 0 , 


1- 


4z 2 +R 2 


= — => 2z 
2 




z 2 +R 1 =>4z 1 = z~ + R 1 ^ z = —j= 

V3 


23.66. Solve: (a) A proton is released from the positive plate of a parallel-plate capacitor and accelerates toward 
the negative plate at 2.0xl0 12 m/s 2 . If the capacitor plates are 2.0cmx2.0cm squares, what is the magnitude of 


the charge on each? 

(b) Solve the first equation for E and substitute into the second equation. The charge is 


0 = 


(1.67xl0~ 27 kg)(2.0xl0 12 m/s 2 )(8.85xl0~ 12 C 2 /N m 2 )(0.020 m) 2 
1 . 60 x 10 “ 19 C 


7.4xl0 -11 C 


Challenge Problems 

23.67. Model: The rod is thin and is assumed to be a line of charge of length L. 
Visualize: 


y 



A 



Solve: (a) The /l-versus-v graph over the length of the rod is shown in the figure. 

(b) Consider a segment of charge A q of length Ay at a distance y from the center of the rod. The amount of charge in 
this segment is 

A q = A.Ay = a | y|Ay 


Converting A q to dq, Av to dv, and integrating from y = —L !2 to y = +L! 2, the total charge is 


+ 1/2 1/2 

Q = ^dq = | a\y\dy = 2 f aydy = 2a 
- 1/2 0 



\L12 


lo 


aL 2 


4 


Thus the constant a is 



(c) With the origin of the coordinate system at the center of the rod, consider two symmetrically located charge 
segments A q with length Av. The electric field at P from the top charge segment makes an angle 8 below the jc-axis 
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and the electric field of the bottom charge segment makes an angle 6 above the x-axis. Because the charge density is 
symmetric about the origin (i.e., A (at —y) = A (aty)), the v-components of the two contributions cancel out. Thus, we 
have to calculate only the x-component of the electric field at P. Because the electric field strength of the lower half 
of the rod is the same as that of the upper half, we only need to obtain the electric field strength of half the rod, then 
multiply by two. The electric field along the ^-direction due to a charge segment Aq is 

A E ~ 1 Aq rr~P- 1 AAy X - 1 H- V I AV 

4x£ 0 (X 2 + y 2 ) 4 K£ 0 (X 2 + y 2 ) ^ x 2 +y 2 4 k£ q ( x 2 + y 2 f 2 

Changing A E to dE, Ay = dy, integrating y from y = 0 m to y = LI 2, and multiplying by 2 to take into account the entire 
rod, the electric field is 

i/2 , , i/2 , , 

z 7 _ -> f ax v dv _ 2 ax (• v dv _ 2 ax 
X ~ { 4^ 0 (x 2 + y 2 ) 3/2= ^ l (x 2 + y 2 ) 3/2 


2 ax 

1 

1 

8 Q 

, * 

47T£ 0 

X 

\lx 2 +L 2 / 4 

4n£ 0 L 2 

\lx 2 + L 2 /4_ 


The last step used the expression for a from part (b). 

23.68. Model: Model the infinitely long sheet of charge with width L as a uniformly charged sheet. 


E 



z 



-1 


Solve: (a) Divide the sheet into many long strips parallel to the y-axis and of width Ax. Each strip has a linear charge 
density A= rjAx and acts like a long, charged wire. At the point of interest, strip/contributes a small field E t of strength 

2A 2r/Ax 
= -=- 

4;t£’ 0 7'- 4^f 0 7; 

By symmetry, the x-components of all the strips will add to zero and the net field will point straight away from the 
sheet along the z-axis. The net field’s z-component will be 

E z='E (E i'>z = 'L E i cos0 i 

i i 

The distance r t = (x 2 +z 2 ) 1/2 and cos = z/r t = z/(x 2 + z 2 ) 112 . Thus, 


2ijAx 


‘ Ak£q(x 2 + z 2 ) 1/2 (x 2 + z 2 ) 1/2 


2 rjz 
47I£r> 


Ax 


t 2,2 

X , +z 
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If we now let Ax —> dx, the sum becomes an integral ranging from x = AL/2 to x = LI2. This gives 
2 Jjz 


E,=- 


4/rfn 


From trigonometry, tan 1 (-0) = -tan 1 (cfi). So finally, 


LI 2 , 

f dx 

n- 

1 -1 
—tan 

z 


LI 2 

n 

tan 1 

f L \ _! 

_ _ ton 

f—T 

2 2 
-L/2 X +Z 

2 7T£q 

UJJ 

-1/2 

27T£ 0 

- ld.Il 

Uzj 

Uz J_ 


-h 


(b) As z —» 0 m, 


n 

7T£ a 


tan 1 1 — | —> — => E —» 
2 z 


tan 1 1 — | => £ 
2 z 


;r 


—tan -1 




n * c n 


—k 


7I£q 2 


2 £, 


0 


This is the electric field due to a plane as you can see from Equation 23.28. We obtain this result because in the limit 
as z —> 0 m, the dimension L becomes extremely large. As z —» 


tan 


-if L 


2 z 


— — =>£-> 


2 z 


iij: 

;rf 0 2z 


1 2 A 

-/ 

4;rf 0 z 


where we have used rjL = A as the charge per unit length of the sheet. This is the electric field due to a long, charged 
wire. We obtain this result because forz » L, the infinitely long sheet “looks” like an infinite line charge. 

(c) The following table shows the field strength E z in units of J)/£q for selected values of z in units of L. A graph of 
E z is shown in the figure on the previous page. 


z/L 


0 

0.5 

0.25 

0.35 

0.50 

0.25 

1.0 

0.15 

2.0 

0.08 

3.0 

0.05 

4.0 

0.04 


23.69. Model: Model the infinitely long sheet of charge with width L as a uniformly charged sheet. 
Visualize: 


E 

V 

TTS 0 " 




0 


2 L 


3 L 


4L 


x 
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Solve: (a) Consider a point on the x-axis at a distance d from the center of the sheet of charge. (We’ll call this 
distance d to begin with, rather than x, to avoid confusion with x as the integration variable.) Once again, let the sheet 
of charge be divided into small strips of width Ax. Each strip has a linear charge density A = rjAx and acts like a long, 
charged wire. Strip i is at distance r t =d — x i from the point of interest, so it contributes the small field 


2A - IrjAx 

-/ =-/ 

4 jce^j 4 7r£ 0 (d-Xj) 


In this situation all fields E i point in the same direction. Their x-components all add to give a net field in the +x-direction: 


E x = ^ E ,)x 

i 


2tj Ax 
4K£ 0 Y (</-*,-) 


VY V/ XX X vpiuvv 


LI 2 

= ^L- f dx = -^-[-ln (d - x)] £ f = -^-[-ln (d - LIT) + ln(rf + L/2)]= 

4k£ 0 J l/2 (d-x) 47 T£q j 1,2 4k£q j 4k£ 0 


2d + L 
2d -L ) 


Now that the integration is complete, we can note that d really is the x-coordinate of the point of interest. Substituting 
x for d and changing to vector form, we end up with 


2/7 j (2x + L 
4 K£ 0 \2x-L 


i 


(b) If the point is very distant compared to width of the sheet of charge (x » L ), then the sheet of charge looks like a 
line of charge with linear density (charge per unit length) A = rjL. Write 

) =^[ |n(i+i/2i) - |n<i - i/2i) ] 

If x » L, then L/2x « 1 and we can use the approximation ln( 1 + u) ~ u if u « 1. Thus 


2^7 

4/rf 0 



2tjL 

4k£qX 


2A 

4 K£ 0 X 


This is the field of a line of charge with A = fjL, as we expected. 

(c) The following table shows the field strength E x in units of 2 ri/47T£ 0 for selected values of z in units of L. A 
graph of E x is shown in the figure above. 


^ E */^ 


0.75 

1.61 

1.0 

1.10 

1.5 

0.69 

2.0 

0.51 

3.0 

0.34 

4.0 

0.25 


23.70. Model: Model the cylindrical shell as a stack of rings of charge 
Visualize: We seek the field at point P. 


L 



dz 
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Solve: First find the charge on the cylinder. 


Q Q 

7 = 4 = : 


• Q = InRljj 


A 2 kRL 

The charge on one of the rings of width dz is then dq = 2/rRrjdz. 

We will add up (with an integral) the contributions from all the rings. The on-axis electric field for a ring of charge is 

1 z dq 


F ■ = dF ■— 

rmg 4 7T £o ( z 2 + R 2 f 2 


^cylinder 


= \dE = 


-2 ' o2\3/2 


1 L 

— \2nRj]- 

TP, J I 


z dz 


Rd r 
J i 


(z z + R 2 ) 312 2 £ 0 j (z z +R z ) 


z dz 


3 2n3/2 


L 

~ 

L 

r ^ 


r i 

i- z dz Rrj 

-1 

Rri 

-1 -1 

7 

i R 

J / 2 , r>2\3/2 Or* 
J 0 (z +R ) 2£q 

Jz 2 +R 2 _ 

2Eq 
o u 

pjl} + R 2 R 

2e 0 

\Il 2 + R 2 _ 


4 2T£- 0 J o(z +£ ) 

To do this integral, use a M-substitution: « = z 1 + R 2 => = 2zrfz. 

^cylinder « 


Assess: In the limit as ^ > 0 the field looks like that from an infinite plane. In the limit as R the field goes to 
zero. 

23.71. Model: The two electrodes form a parallel-plate capacitor. The electric field inside the electrodes is uniform, 
so the electrons have constant acceleration. 

Visualize: 


Electrodes 



Solve: The ink drops are deflected up or down as they experience an electric field between the two parallel 
electrodes. The electric field exerts a force on the ink drops which is 

F = qE = ma v => E = ma y /q 

We therefore need to determine the mass m, the charge q, and the acceleration a y of the ink drops. We have 


m = pV = p\ ~'' 3 1 = (800 kg/m 3 ) 


^(15xl0“ 6 m) 3 


= 1.131x10“ 1 kg 


q = (8x10 5 )(1 .60x10“ 19 C) = 1.28x 10“ 13 C 
At maximum deflection, the drop’s angle upon exiting the plates must be 


tan(9 = — = 3mm I = ±0.15 => v., = (±0.15)v x = (±0.15)(20 m/s) = ±3.0 m/s 
v v 2.0 cm 


From the kinematic equation Vj = v 0 + a (fj - 1 0 ), 


_ V 1V v 0,y 

y t -t 
h <o 


±3.0 m/s-0 m/s 
h ~ f o 
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We can obtain q - 1 0 from the x-motion between the plates as follows: 


1 , 

x l =x 0 + v 0x (l t -1 0 ) + -a x (h -1 0 ) => x 1 - x 0 = 6.0 mm = v 0x (q -t 0 ) + 0 m 


t\ to — 


6.0xl0“ 3 m 6.0xl0“ 3 m 


v 0i- 


20 m/s 


= 3.0xl0~ 4 s =>a = ±3 - 0m/s =±l,0xl0 4 m/s 2 

y o Owi r \~4 , 


3.0 x 10 s 


We are now in a position to obtain the field strength E from the equation 

-k—11 1^—'v/'i nwin4 m /„2 


E=^ = (1.131X10- kgXLOxiQ- m/Q = mxl()5 N/g 

q 


1.28x10“ 13 C 


The electric field strength is 8.8x10 5 N/C. 

Assess: Because of the large acceleration due to the electric field, the acceleration due to gravity can be ignored in 
the calculations. 


23.72. Model: The electric field is that of an infinite line charge. 
Visualize: 



Solve: The wire must be negative to attract the proton. From Equation 23.17, the electric field strength due to an 
infinite line of charge at a distance r from the line charge is 


E = 


1 2\A\ 


4 7T£ 0 r 


The force on the proton due to this electric field causes the centripetal acceleration: 

jr , qE , -i_Mil = 221 =, U| = y 


4/ren r 


2q 


Using v = 27ir!T = 2nrf. 


|A| = (4 ,e 0 ) m ^ rf ) = (L67X1 ° mriuoxio^ s")- = 23xl0 -, c/m 

11 2q (9.0xl0 9 N m 2 /C 2 )2(l.60xl0 -19 C) 

Because the wire has to be negative, A = -2.3 nC/m. 


23.73. Model: The electric field is that of a positively charged ring. The ring is thin and the charge lies along circle 
of radius R. 

Visualize: 
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Solve: (a) From Example 23.4, the electric field on the axis of a ring of radius R is 

r 1 zQ 


The force on negative charge —q is 


F z = -qE, 


4ke§ ( z 2 +R 2 ) 312 
1 qQz 


4^o (z +R ) 


2x3/2 


The meaning of the negative sign is that the force on the electron points left when the displacement is to the right and 
to the right when the displacement is to the left. That is, the electric force tries to keep the charge at z = 0 m. 

(b) For small amplitude oscillations, that is, when z « R, the force is 

\-3/2 


F, 


1 qQ 

4®e n R 3 


f 


z 2 
1 + — 

v E 2 j 


1 qQ. 

4K£ (i R 3 


, 3z “ 

1 -- + ■ 




2 R A 


1 qQ. 

4 7T£a R 3 


This is simply Flooke’s law F z = —kz where the “spring constant” is 

z, _ qQ 


4 7T£ 0 R 3 

A particle that obeys Flooke’s law undergoes simple harmonic motion with a frequency given by 

y = J_ = J_ I qQ 

2k V m 2 k V 4K£r,mR 3 


(c) Substituting into the above expression, 


f = T- 
2k 


1 (l.OxlO -13 C)(1.6xl0 -19 C)(9.0xl0 9 N/m 2 C 2 ) 


(9.1 lxlO -31 kg)(l.OxlCT 6 m) 3 


:2.0xl0 12 Hz 
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